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ABSTRACT 

New value! for the 1 mn brightneas temperature! of Mercury, 
Venua, Jupiter, Saturn, Uranua and Neptune have been determined ualng 
Mara aa the abaolute photometric fjtandard. 
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I. INTRODUCTION 

The temperatures of the planets at millimeter wnvelenKtha 
are of Interest both In defining the characteristics of the planets 
and because the planets often serve as calibration sources for 
astronomical observations. The most recently published measurements 
of planetary brightness temperatures In this spectral range are those 
of l.oewensteln et ol. (l**77b) In the submill Imter (K • 410 pm) and 
those of Rather. Ullch, and Ade (1974) and Courtln ^ £^.(1977) at 1.4 
In this paper wc prencnt the results of a determination of the 
relative brightness at a wavelength of 1 mm of Mercury. Venus. Mars. 
Jupiter, Saturn. Uranus, and Neptune. Those relative measurements 
have been converted to absolute temperatures by the use of a thermal 
model for Mars. The thermal model has been checked by observations 
of Mars and Jupiter at two different epochs. 


11. OBSERVATIONS AND RESlfLTS 

The observations were made at the prime focus of the 5 m Hale 
telescope, using as the detector a liquid hell«un cooled composite 
bolometer. The beam full width at half Intensity was 55". and scans 
of the planets showed the beam profile to Le roughly Gaussian. 

Further details concerning the apparatus are provided by Ellas e^ al . 
(1978). 

Two different spectral bandpasses were used for the planetary 


mm. 


measurements. Many of the data on the brighter planets were taken using 
n metal mesh interference filter centered at 1.0 mm with £k,K/K ■ 0.3. 
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When the filter was not used the spectral response was determined 
by absorption by water vapor In the earth's atmosphere and by 
diffraction; typically this produced a bandpass extending from 
700 pm to 1.5 mm with an effective wavelength close to 1.0 mm 
(Ellas et al. 1978). 

A. Measurements In 197b February 

Most of the data presented here were taken during 1976 February, 
at which time all of the planets were at large enough angles from 
the Sun to be observed. The observing program was set up so that 
pairs of planets were measured at the same time and at the sam«. air 
mass, so that it was possible to determine the rel*.tlve 1 mm fluxes 
of the planets by applying only minimal atmospheric corrections. 

For each air mass coincidence, the data consist of 3 to 6 measure- 
ments of the signal from each of a pair of planets at times within 
one hour of the air mass coincidence. A least-square fit of a function 
of the form s(a) ■ s(a^)e o was made to the data for each 

planet and the parameters 8 (*>q) and were determined. Here s(a) 
is the signal measured at air mass g, while a^ Is the air mass of the 
coincidence. The ratio of the values of sva^) for the two planets 
was taken as an estimate of the flux ratio; these ratios, the angular 
sizes of the planetary disks, and the air mass at coincidence for each 
set of data are given in Table 1. For Jupiter, Saturn, Uranus, and 
Neptune, the sizes given are the mean of the semi-major and semi- 
minor axes. All angular sizes were taken from the American Ephemeris 
and Nautical Almanac , except for Uranus and Neptune. For Uranus the 
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mean disk radius is basad on an equatorial radius of 25650 km and an 
oblateness of 0.02 as discussed by Gulkis, Janssen and Olsen (1977). 

For Neptune an equatorial radius of 24753 km and an oblateness of 
0.026 (Prcnman and l.ynKa 1970) were used. 

On the basis of extensive measurements with this equipment, it 
is felt that systematic uncertainties limit the accuracy of each 
determination of a flux ratio to 5^ of the mean. Therefore, an irror 
is listed for the flux ratio in Table 1 only if the statistical 
uncertainty exceeds 5^. 

B. Measurements of Mars and Jupiter in 1975 

In 1975 May and June, Jupiter and Mars were in conjunction, and 
the flux ratio of Jupiter to Mars was measured on three days. On 
each day, several pairs of measurements were made at different air- 
masses. Since the planets were always in airmass coincidence, the 
data have been analyzed by computing a ratio for each pair of measure- 
ments and then computing an average ratio for each day. The results 
of these determinations are included in Table 1. 

C. Determination of the Temperature of Venus 

The disposition of the planets in 1976 February was such that 
Venus and Mercury rose after the other planets had set. Three measure- 
ments of Venus relative to Saturn and one of Venus relative to Jupiter 
were, however, obtained prior to 1976 Feburaryy these data are also 
included in Tablu 1. In each case, the measurements were made at or 
close to an airmass coincidence, and the data were analyzed in a manner 
similar to that described above. It is assumed, on the basis of 
microwave observations, (Muhleman, private communication) that the 
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1 nnn temperature of Venus Is essentially Independent of the phase of 
the planet. 


III. ANALYSIS 
A. Overview 

The determination of the planetary temperatures from the data 
presented In Table 1 proceeded as follows. Mars served as the 
primary standard for the determination of the temperature of Jupiter; 
two measurements were made at times when the predicted temperatures of 
Mars differed by 20^, thus providing a check on the calibration. The 
temperature of Saturn was then derived (a) by an Independent compari- 
son with Mars, and (b) by using Jupiter as a secondary standard. 

Saturn was subsequently used as a secondary standard for the determi- 
nation of the temperature of Uranus; finally, Neptune was measured 
relative to Uranus. The temperature of Venus was obtained from 
measurements of Venus relative to both Jupiter and Saturn. The 
temperature of Venus was then used as a reference to evaluate the 
temperature of Mercury. 

B. Absolute Calibration 

The mean ratios derived from the data presented In Table 1 were 
converted to absolute flu.fes by using the thermal model of Kieffer 
et al. (1973) to compute the 1 mm flux from Mars, which was used as 
the primary photometric standard. This model, based on Mariner 9 
results, gives the surface temperature as a function of the local 
time and latitude on Mars. It assumes a thermally homogeneous planet 
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-2 - 1/2 - 1 

with a thermal Inertia of 0.0065 cal cm a K , an albedo of 
0.25 and an emlaalvlty of 1.00 at 10 pm where the Mariner meaaure- 
menta were made. Recent data obtained from the Viking infrared 
thermal mapper are generally conaiatent with thle model (Kieffer 
et al . 1977)) local variationa in the thermal propertlea of the 
surface should not Introduce an uncertainty in the overall disk 
temperature of more than i 5 K (Kieffer. private communication). 

The emission at 1 mm was calculated from the surface tempera- 
tures of the thermal model assuming the emissivity at 1 mm to be 0.93 
and that the intensity varies as (cos 2 is the angle between 

the local vertical and the observer. The choice of er^ssivity, which 
corresponds to a dielectric constant of 3.2. falls within the range 
deduced for the lunar surface (Gary, private communication). The 
calculated Martian disk temperature Is directly proportional to the 
assumed emissivity) an uncertainty of ± 5^ Is probably a reasonable 
eatlmate of this uncertainty. The angular dependence of the emission 

at 1 mm is also uncertain; .he dependence used is valid for 10 pm 
(Neugebauer 1971). If the emission were assumed to go as 

cos z, the disk temperatures would be raised by ~ 10 K. No account 
was taken of the emission from layers beneath the surface of Mars. 

The electrical skin depth at a wavelength of I mm is on the order of 
3 mm; the thermal model calculations Indicate that at this depth 
temperatures are about 3 K colder than at the surface. 

The Martian disk temperatures derived from the model vary with 
time due both to the eccentricity of the Martian orbit and to variations 
of the Sun-Mars-Earth angle. In particular, the model gave a value of 227 K 
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for thA dick-averaged 1 mn brlghtneaa Cenperature of Marc In 1976 February 
and 1975 May/June. Thla calibration procedure la clnllar to that 
deccrlbed by Wright (1976). 


C. Temperature Determination 


The flux ratloc have been uaed to compute brightneac tempera 
turec under the accumptlon that each planet la uniformly bright 
over the aolld angle of Ita dick. Thlc accumptlon neglecta effecta 
auch ac limb darkening and emlaalon from Saturn'a ringa> which are 
dlacucaed below. 

The ratio of the roeaaured fluxea la related to the planetary 
temperaturec by: 


FluxlPlanet 1) ^ C^B(1 mm,T^)n^ 
Flux(Planet 2 ) € 28(1 rnro,T 2 )n 2 


( 1 ) 


where T^ la the dlak brlghtneaa temperature of planet B(1 mm, T^) 
la the Planck function, la the dlak aolld angle for planet and 
la a correction factor, leaa than unity, due to reaolutlon of the 
dlak by the teleacope beam. For 1976 February, waa 0.88 for Jupiter 
and greater than 0.% for the other planeta. The ratio of aurface 
brlghtneaaea, B(1 nm, Tj^)/B(l nm, T 2 ), as derived from the meaaured flux 
ratio la given In Table 1; from thla ratio the temperature of one 
of the planeta can be obtained If the temperature of the other is 
known. The data of Table 1 shows that within the uncertainties the 
flux ratios measured with the filter were the same as those measured 
without the filter. Hence all observations were grouped together 
for analysis and referred to an effective wavelength of 1.0 mm. The 
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mean ratios < B(1 mra, T^)/B(l onit T^) > and th«> resultant planetary 
temperatures are summarised In Table 2. 

In computing temperatures In this way It Is assumed that each 
planetary spectrum can be approximated by a single blackbody curve > 
and that both spectra have the same shape over the band pass of the 
experiment. These assumptions are suppoited by the agreement of the 
broad and narrow band flux ratios and by the fact that even tor the 
lowest temperature (~ 80 K) encountered In this study a blackbody 
curve does not deviate by more than from a Raylelgh-Jeans slope 
over the band pass. In order to obtain the temperatures of Venus and 
Mercury It was also necessary to assume that the temperatures 
of Saturni Jupiter and Venus remained constant between 1974 April 
and 1976 February. 


IV. RESULTS AND DISCUSSION 

The final results for the mean planetary disk temperatures are 
given In Table 3. The uncertainties quoted In Table 3 largely reflect 
the possible systematic uncertainties) the statistical uncertainties 
are dominant only for determination of the temperatures of Neptune 
and Uranus. There Is an additional systematic uncertainty of ~ 10^ 

In all the temperatures due to the uncertainties In the Martian 
thermal model and its application to millimeter wavelengths. 

Confidence In the results of this work can be derived from the 
agreement between the Independent determinations of the temperatures 
of Jupiter, Saturn, and Venus. In particular, It can be seen from 
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Table 2 chat Independent determinations of Che Jupiter and Saturn 
Cumperatures are internally self-consistent within < and that 
measureiBents at times when the therm-il model predicts extreme 
values for the temperature of Mars give consistent results for the 
temperature of Jupiter. Similarly^ Che separate determinations of 
Che temperature of Venus by measurements relative to both Saturn and 
Jupiter give values which are in very good agreement. 

Comparison of the present results with those of Loewenstein s^ a^* 
(1977b) suggests Chat for Venus^ Jupiter, and Uranus the brightness 
remperatures are higher at 1 mm than at 410 pm^ this would be expected 
i;! Che pl.ineCary atmospheric opacity is decreasing with increasing 
wavelength over this interval. The present results for Jupiter and 
Uranus are consistent with the brightness temperatures measured 
at 1.4 mm by Courtin et ^1. '(1977), but significantly lower tempera- 
tures are obtained in the present experiment for both Saturn and 
Neptune. 

The results given in Table 3 differ slightly from the preliminary 
values quoted by Elias e^ al . (1978) and used by them for the determi- 
nation of the 1 mm fluxes of a number of extragalactic objects. The 
present values are to be preferred and will be used subsequently for 
calibration. Neither the numerical results nor the scientific conclu- 
sion of the earlier paper are affected significantly by the change 


in calibration. 


V COMfENTS ON INDIVIDUAL PLANETS 


A. Mtcutv 

Th« present result refers to 1976 February, at vhlch epoch 

0.60 of the planetary disk was Illuminated. Studies of the thermal 

properties of Mercury have shown that the thermal inertia of tha 

•2 • 1/ 2 *1 

aurface is on the order of 0.002 cal cm s K (Murdock and Ney 
1970^ Chase et al. 1974). For this value of the inertia and an 
albedo of 0.07, thermal model calculations predict a millimeter 
disk temperature of 313 K for 1976 February^ the 1 mm emission 
characteristics of the surface were assumed to be the same as used 
in deriving the Martian disk temperatures. The agreement of the 
predicted temperature with the result given in Table 3 is probably 
fortuitous in view of the variations of the thermal properties with 
location on Mercury reported by Chase et and of uncertainties 
in the application of the model to 1 mm wavelength. 

B. Jupiter 

Since Jupiter is partially resolved by the beam of this experi- 
ment, the measured temperature of 168 K may, because of the effects 
of limb darkening, be slightly higher than the effective disk tempera- 
ture which would be measured with a large bear A limb-darkened 
model by Gulkis, Klein, and Olsen (1977) predicts a central disk 
temperature of 173 K and a mean disk temperature of 164 K for Jupiter 
at 1 mm. If this model is convolved with the beam of the present 
cxneriment, taking the angular size of Jupiter as of 1976 February, 
the predicted flux is within a few percent of what is actually measured. 
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and Muhlonani prlvata coonunlcatlon) . It Is saan froa Tablas 3 and 4 
Chat If this holds at 1 on cha flux froa tha ring systea is vary 
small at this wavalangth. 


D. Uranus 

Tha brlghcnass tuoperatura of Uranus, 87 i 7 K, Is In good 
agreanenc vlth the predictions of tha cool Palluconl model for Uranus 
discussed by Gulkis, Janssen, and Olsen (1977). 

E, Neptune 

The present results show Chat at 1 mm the brightness temperature 
of Neptune (96 ± 10 K) Is very close to that of Uranus. These tvo 
planets also have similar temperatures In the far Infrared (Loewensteln, 
Harper, and Moseley, 1977aJ Fazio £t al. 1976), but differ dramatically 
In their near Infrared properties (Gillett and Rleke, 1977). The 
tumperature measured at 1 ran Is significantly less than Chat (133 1 30 K) 
measured by CourCln ^ al . (1977) at 1.4 ran. 
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TAILS 1 


LOC or OISEIVATtONS 


PUNCT 

1 2 

DATE 

UT 

All 

NASS 

PILTE8* 

HEAN SEHIDIAMETER 
Planat 1 Planat 2 
(») (") 

avx tfLAPii n * 

PLUX (PUNET 2) 

8(1, /8(2)**’^ 

Jupltar 

N*-.a 

197S Nay 27 

1.2 

1 

17.14 

3.01 

23.2 

0.81 


(T - 227 K) 

197S Jun 24 

1.2 

1 

18.36 

3.31 

20.1 

0.74 



1975 Jun 24 

1.2 

N 

18. y> 

3.31 

18.4 

0.68 



1975 Jun 25 

1.2 

8 

18.40 

3.32 

19.5 

0.72 

Jupltar 

Hara 

1976 Pab 17 

1.2 

1 

17.40 

4.79 

10.5 

0.89 


(T • m K) 

1976 Pab 17 

1.2 

N 

17.40 

4.79 

9.3 

0.79 



1976 Pab 19 

1.2 

8 

17,32 

4.70 

10.6 

0.88 



1976 Pab 19 

1.2 

N 

17.32 

4.70 

10.6 

0.88 

Saturn 

Hara 

1976 Pab IS 

1.1 

8 

9.61 

4.74 

3.00 

0.75 


(T - 191 K) 

1976 Pab 18 

1.1 

N 

9.61 

4.74 

3.16 

0.79 



1976 Pab 19 

1.1 

8 

9,60 

4.70 

3.12 

0.77 



1976 Pab 19 

1.1 

N 

9.60 

4.70 

2.97 

0.73 



1976 Pab 20 

1.1 

1 

9.59 

4.65 

2.91 

0.71 



1976 Pab 20 

1.1 

N 

9.59 

4.65 

3.38 

0,82 

Jupltar 

Saturn 

1976 Pab 18 

1.5 

8 

17.36 

9.61 

3.49 

1.17 



1976 Pab 18 

1.5 

N 

17.36 

9,61 

3.32 

1.18 



1976 Pab 19 

l.S 

1 

17.72 

9.60 

3.33 

1.18 



1976 Pab 19 

1.5 

H 

17.32 

9.60 

3.67 

1.23 

Saturn 

Uranua 

1976 Pab 18 

l.S 

1 

9.61 

1.93 

34 t 6 

1.45 t 0.3 



1976 Pab 19 

1.9 

3 

9.60 

1.93 

38 t 4 

1.6 t 0.2 



1976 Pab 20 

1.8 

1 

9.59 

1.93 

47 t 4 

2.0 t 0.2 



1976 Pab 20 

1.6 

N 

9.59 

1.93 

41 t 13 

1.7 t 0.6 

Uranua 

M:,< .una 

1976 Pab 19 

1.8 

8 

1.93 

1.11 

3.1 t 1.2 

1.0 t 0.4 



1976 Pab 2C 

1.8 

1 

1.93 

1.11 

2.8 i 0.4 

0.9 * 0.1 

Vanua 

Saturn 

1975 Doc 17 

1.6 

8 

8.56 

9.55 

1.55 

1.93 



1976 Jan 18 

2.2 

8 

7.04 

9.76 

1.06 

2,04 



1976 Jan 18 

2.2 

N 

7.04 

9.76 

0.98 

1.88 

Jupltar 

Vanua 

1974 Apr 4 

1.4 

1 

16.49 

12.3.' 

l.Ol 

0.60 

Vanua 

Hareury 

1976 Pab 18 

4.2 

8 

6.12 

3.3i 

2.6 t 0.2 

0.77 t 0.07 



1976 Pab 19 

4.2 

1 

6.09 

3.29 

3.29 

0.96 



1976 Pab 19 

4.2 

N 

6.09 

3.29 

2.8 t 0.8 

0.8 t 0.2 



1976 Fob 20 

4.2 

8 

6.07 

3.25 

2.72 

0.78 



1976 Pab 20 

4.2 

M 

6.07 

3.25 

3.1 t 0.8 

0.9 t 0.2 



8 ■ broad band 

0.7 - 1.5 

■a (aaa taxt). 


N • narrow band 

0.8 . l.l 

■a. 

t 

If no arror ta 

quotad, tha 

atatlatlcal uncartalnty la lata than 5< which la takan aa tha ayttaaatlc 


uncartalnty In Cti« «*a«urManCa. 


** Tha ratio of cho oiirfaca brlfhcnoaa of rianat 1 to that of Planat 2. Saa taat. 
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TABLE 2 

SUMMARY OF OBSERVATIONS 



PLANET 
1 2 

mi 

B(2) 

PLANET^ 

DERIVED 

TEMPERATURE 

(K) 


Jupiter 


0. 74 

Jupiter 

170 


Jupiter 

Mars 

0. 86 

166 


Saturn 

** 

Mars 

0.76 

Saturn 

148 


Jupiter 

Saturn 

1.19 

142 


Saturn 

Uranus 

1.74 ± 0.15 

Uranus 

87 ± 

7 

Uranus 

Neptune 

0.91 ± 0.10 

Neptune 

96 ± 

10 

Jupiter 

Venus 

0.60 

Venus 

275 


Venus 

Saturn 

1.95 

277 


Venus 

Mercury 

0.86 

Mercury 

320 



t Planet whose temperature la to be determined. 

* T - 227 K 

** T - 191 K 

-f The ratio of the surface brightness of Planet 1 to that 

of Planet 2. See text. An error is quoted only when the 
statistical uncertainty exceeds 


TABLE 3 


PINAL TEMPERATURES 




PLANET 

(K) 


* 


Mercury 

320 ± 16 

Venus 

276 1 14 

Saturn 

145 ± 7 

Jupiter 

168 ± 8 

Uranus 

87 ± 7 

Neptune 

96 ± 10 


* Temperature determined in 1976 
February when 0.60 of the disk 


was illuminated 
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TABLE 4 

SATURN DISK TEMPERATURE FOR 
DIFFERENT VALUES OF RING EMISSIVITY 


DISK BRIGHTNESS 
TEMPERATURE 

1 an EMISSIVITY 
OF RINGS 

160 

0.00 

147 

0.15 

139 

0.25 

133 

0.33 

118 

0.50 


I 


19 


REFERENCES 

CHASE, S. C., MINER, E. D. , MORRISON D., MUNCH, G. , NEUCEBUAER, G. , 

AND SCHROEDER, M. (1974). Preliminary Infrared radlometry 
of the night aide of Mercury from Mariner 10. Science 185 , 

142-145. 

COURTIN, R., CORON, N., ENCRENAZ, TH., GISPERT, R. , BRUSTON, P. , 

LEBLANC, J., DAMBIER, N. , AND VIDAL-MAD lAR, A. (1977). Obaer- 
vationa of giant planeta at 1.4 ran and conaequencea on the 
effective tcmperaturea. Aatron. A Aatrophva. 60 , 115-123. 

ELIAS, J. H., ENNIS, D. J. , GEZARI , D. Y. , HAUSER, M. G. , HOUCK, J. R. , 
LO, K. Y., MATTHEWS, K. , NADEAU, D. , NEUGEBAUER, G. , WERNER, M. W. , 
AND WESTBROOK, W. E. (1978). One-millimeter continuum obaerva- 
tiona of extragalactic objecta. Aatrophva. J. In preaa. 

FAZIO, G. G., TRAUB, W. A., WRIGHT, E. L. , LOW, F. J. , AND TRAFTON, L. 
(1976). The effective temperature of Uranua. Aatrophva. J. 209 . 
633-637. 

FREQIAN, K. C. AND LYNGA, G. (1970). Data for Neptune from occultat ion 
obaervationa. Aatrophva. J. 160 . 767-780. 

GILLETT, F. C. AND RIEKE, G. H. (1977). 5 - 20 micron obaervationa 
of Uranua and Neptune. Aatrophva. J . 218 . L141-L144. 

GULKIS, S., JANSSEN, M. A., AND OLSEN, E. T. (1977). Evidence for 
the depletion of anmonla in the Uranua atmoaphere. Submitted 


to Icarua 


20 


GULKIS, S., KLEIN, M., AND OLSEN, E. T. (1977). Private coonunication. 

JANSSEN, H. A., AND OLSEN, E. T. (1977). A meaaurement of Che brlghC- 
nesa temperature of Saturn's rings at 8 mn wavelength. Icarus . 
to be published. 

KIEFFER, H. H., CHASE, S. C. JR., MINER, E., MUNCH, G., AND NEUGEBAUER, G. , 
(1973). Preliminary report on Infrared radiometric measurements 
from the Mariner 9 spacecraft. J. Geophys, Res . 78 . 4291. 

KIEFFER, H. H., MARTIN, T. Z. , PETERFREUND, A. R. , JAKOSKY, B. M., 

MINER, E. D., AND PALLUCONI, F. D. (1977). Thermal and albedo 
mapping of Mars during the Viking primary mission. J. Geophys . 

Res, 92, 4249-4291. 

LOEWENSTEIN, R. F. , HARPER, D. A., AND MOSELEY, S. H. (1977a). The 
effective temperature of Neptune. Astrophys, J . 218 , L145-L146. 

LOEWENSTEIN, R. F. , HARPER, D. A., MOSELEY, S. H., TELESCO, C. M., 

THRONSCN, H. A., HILDEBRAND, R. H., WHITCOMB, S. E., WINSTON, R. , 

AND STIENING, R. F. (1977b). Far Infrared and submillimeter 
observations of the planets. Icarus 31 . 315-324. 

MURDOCK, T. L., AND KEY, E. P. (1970). Mercury: the dark-side 

temperature. Science 170, 535. 

NEUGEBAUER, G. , MUNCH, G., KIEFFER, H., CHASE, S. C., AND MINER, E. 

(1971). Mariner 1969 infrared radiometer results: temperatures 

and thermal properties of the Martian surface. Astron. J . 

76, 237. 

RATHER, J. D. G., ULICH, B. L., AND ADE, P. A. R. (1974). Planetary 
brightness temperature measurements at 1.4 mm wavelength. 

Icarus 23 , 448-453. 


21 


WESTBROOK, W. E., RIEKE, C. H., NEUGEBAUER, G. , WERNER, M. W., AND 
LOW, F. J. (1977). In preparation. 

WRIGHT, E. L. (1976). Recalibration of the far*infrared brightneaa 
teiaperatures of the planeta. Aatrophya. J . 210 . 250*253. 


